Introduction {#S1}
============

Long-term ulcerative colitis is characterized by chronic inflammatory injury to the colonic mucosa. A subset approximating 10% of these patients develop cumulative genomic damage leading to colorectal neoplastic progression ([@R1]-[@R4]). Currently detection of early, curable neoplasia requires life-long colonoscopic biopsy surveillance of the entire ulcerative colitis population, despite the knowledge that the great majority of these patients will never develop cancer. The large potential for sampling error is a major challenge. The surface area of the average colon ranges between 0.5 to 1.0 square meters relative to the tiny size of a biopsy (approximating 0.002% of the colonic mucosa) and the fact that most neoplasia is not visible by routine colonoscopy combine to create the problem. Accordingly a minimum of 33 jumbo, well-oriented random biopsies must be examined histologically to detect dysplasia with even 90% confidence ([@R5]), a number that is rarely achieved in clinical practice. Chromoendoscopy and other new endoscopic imaging techniques show promise for improving sampling error ([@R6],[@R7]), but these technologies are not yet standard practice. Observer variability among pathologists and differentiation between inflammatory and neoplastic change are further considerable problems. Finally, at least half a million people in the United States have ulcerative colitis for whom lifelong colonoscopic examination involves considerable discomfort, high expense, and time and effort for patients and physicians alike. Unquestionably, better risk markers than dysplasia are needed.

Greater understanding of the molecular alterations in ulcerative colitis neoplastic progression may facilitate discovery of improved cancer risk markers. Previous reports have identified large fields of genomic damage in neoplastic progression in ulcerative colitis ([@R1]-[@R3],[@R5],[@R8]-[@R15]). Of great clinical importance, recent data even suggest that the abnormal molecular field may involve the entire colon. This might be anticipated from the diffuse chronic inflammatory injury thought to drive the process. Importantly, the field includes mucosal samples lacking histologic dysplasia that are far removed from morphologically neoplastic lesions ([@R1]-[@R3],[@R5],[@R8]-[@R15]). This offers great promise for reducing the serious problem of sampling error in surveillance. Such molecular markers could therefore focus individualized and more cost-effective surveillance onto the minority of ulcerative colitis patients who would most benefit. Of at least equal importance, such markers would allow the majority of ulcerative colitis patients who never develop cancer to safely forego difficult and unnecessary surveillance procedures.

While the potential of the genomic assays is exciting, they are technically difficult to perform. Furthermore, the distinction between ulcerative colitis progressors and nonprogressors using these markers remains imperfect. None of the proposed molecular markers have yet been validated prospectively or developed into high throughput tests amenable to clinical testing. To continue to explore and improve the discriminatory ability of genomic markers of cancer risk in ulcerative colitis, we now examine array-based comparative genomic hybridization. This technology allows more comprehensive genome-wide scanning for chromosomal losses and gains over large numbers of targets for chromosomal gains and losses in comparison to earlier techniques ([@R16],[@R17]). Discrimination of the genomic "signatures" in ulcerative colitis progressors relative to nonprogressors may provide a more sensitive and specific biomarker of cancer risk.

Materials and Methods {#S2}
=====================

Patients {#S3}
--------

This research was approved by the Human Subject Division at the University of Washington and the Internal Review Board at the Cleveland Clinic. A total of 19 patients from the University of Washington were studied from three clinical groups: nine ulcerative colitis patients with cancer or high-grade dysplasia elsewhere in their colectomies (ulcerative colitis progressors), eight ulcerative colitis patients without dysplasia or flow cytometric DNA ploidy abnormalities on extensive biopsy sampling while in long-term colonoscopic biopsy surveillance for a minimum of 10 years (ulcerative colitis nonprogressors) and two non-ulcerative colitis control patients undergoing sigmoid colectomy for diverticulosis. Of the nine ulcerative colitis progressors, seven had adenocarcinoma and two had high-grade dysplasia as their most advanced neoplasia at colectomy. The colectomy specimens were extensively mapped histologically, examining \>100 sections per colon. For the nonprogressors, an average of 44 jumbo, well-oriented biopsies was obtained at each ulcerative colitis surveillance colonoscopy. Colonoscopies were performed at 6 month to 3 year intervals depending on prior surveillance findings. The average age of the 17 ulcerative colitis patients (eight males, nine females) was 45 years, and that of the two non-ulcerative colitis controls (both males) was 54 years. The known duration of ulcerative colitis was a mean of 17.7 years (range: 4 to 35 years) for ulcerative colitis progressors, and 16.9 years (range: 10 to 25 years) for ulcerative colitis nonprogressors, respectively. [Table 1](#T1){ref-type="table"} indicates the clinical parameters relative to the extent of neoplastic progression and the known clinical cancer risk markers in the nine ulcerative colitis progressor patients.

Biopsy Samples {#S4}
--------------

The samples of all progressors and two nonprogressors were obtained from densely mapped colectomy specimens. Those from the remaining six nonprogressors were from endoscopic biopsies from densely biopsies colonoscopies. All samples were rapidly frozen in cell culture minimal essential medium with 10% DMSO, as previously described ([@R5]). Tested colonic mucosal samples were split in half. One half was processed for comparative genomic hybridization per below. The other immediately adjacent half was routinely fixed, processed and sectioned to determine the histologic diagnoses, according to consensus criteria of the Inflammatory Disease/Dysplasia Morphology Study Group (DMSG) ([@R18]). All diagnoses were confirmed by one pathologist (MPB). The single histologically non-dysplastic biopsies were selected from within densely mapped regions of nondysplastic mucosa from the ulcerative colitis progressors. They were located at a mean distance of 18 cm (range: 2 to 79 cm; SD: 23.9 cm) from the most advanced neoplastic lesion (either carcinoma or high-grade dysplasia, respectively), and were located in the rectosigmoid colon (n=3), transverse colon (n=5) or right colon (n=1). The single non-dysplastic samples from the nonprogressors were obtained from the left colon (n=5), right colon (n=1) and rectum (n=2). Both non-ulcerative colitis normal control samples were obtained from the sigmoid colon.

Epithelial Isolation and DNA Extraction {#S5}
---------------------------------------

Epithelial crypt isolation was performed using an ethylenediaminetetraacetic acid (EDTA) shake-off technique to isolate \>90% pure colonic epithelial cells from mucosal stroma, as previously described ([@R2]). Whole genomic DNA was extracted using Gentra Puregene kit according to manufacturer\'s instructions.

Low Density Arrays {#S6}
------------------

A commercially available genomic DNA microarray kit was utilized (GenoSensor Array 300; Vysis, Downers Grove, IL), containing 287 oncologically representative genomic DNA targets from P1, PAC, and bacterial artificial chromosome libraries. Aliquots of sample and normal pooled reference DNA were DNase digested to generate 50- to 800-base pair (bp) fragments, labeled by random priming reaction (Random Priming Reaction kit; Vysis) with Cy 3-dCTP or Cy 5-dCTP (Perkin Elmer, Boston, MA), respectively, and hybridized in Microarray Hybridization Buffer (Vysis) containing Cot-1 DNA at 80 °C for 10 minutes. Hybridization to the array slide at 37 °C for 60 hours in a humidified coplin jar with 2.0 mL 50% formamide and 2X standard saline citrate (SSC) was followed by washes and counterstaining with 20 μL of 4\'6-diamidinophenylindole dihydrochloride (DAPI) IV solution (Vysis). The data obtained from the low-density arrays were analyzed using the built-in software of the GenoSensor™ Reader system (Vysis). Based on average mean fluorescence intensity across the array, this software calculates the correlation coefficients among the triplicate spots for each target and displays the fluorescence ratios between the sample and reference DNA when they fulfill all quality control criteria set by the manufacturer.

Higher Density Arrays {#S7}
---------------------

DNA was digested with Dpn II and applied to a MinElute Reaction Clean-Up column (QIAGEN). Random amplification and labeling steps were performed according to the method of Lieb with modifications ([@R19]). Briefly, a primer (Primer A; 5\'GTTTCCCAGTCACGATCNNNNNNNNN3\') containing a degenerate 3\' end and a specific 5\' end was randomly annealed to DNA templates and extended with a T7 polymerase (Sequenase Version 2.0, USB, Cleveland, OH). Then, a Cy3- or Cy5 labeled primer (5\'GTTTCCCAGTCACGATC; Operon, Alameda, CA) specific to the 5\' end of Primer A was used to PCR amplify the templates generated in the first reaction. PCR reactions were then applied to a QIAquick PCR Purification column (QIAGEN), blocking agents added (50 μg human Cot-1 DNA and 100 μg yeast tRNA; Invitrogen, Carlsbad, CA) and concentrated with a Microcon 10 filter (Millipore, Bedford, MA).

The bacterial artificial chromosome array was manufactured at the Fred Hutchinson Cancer Research Center array facility and comprised 4,342 clones ([@R20]), spotted in triplicate. The clones are a subset of those described in the bacterial artificial chromosome Resource Consortium ([@R21]), augmented with clones containing genes relevant to tumorigenesis and clones isolated from single-copy regions near the end of most chromosome arms ([@R22]). The genomic inserts of the bacterial artificial chromosomes average 166 kb. Some sequence has been determined from each clone (e.g. end sequence read(s), PCR-confirmed sequence-tagged site (STS) or gene, or the clone\'s entire sequence), allowing each clone to be positioned (at the midpoint of each clone) precisely within the human draft sequence assembled as of April 2003 ([@R23]), <http://genome.ucsc.edu/>). Clones that hybridized by FISH to multiple chromosomal locations or to a cytogenetic position inconsistent with a position in the draft sequence assembly, were excluded from analysis, yielding 4,153 clones used in the final analysis ([@R21]). These clones are distributed across the genome at a median spacing of 411 kb when the repetitive regions around centromeres and on the short arms of acrocentric chromosomes are excluded (25^th^ percentile, 161 kb; 75^th^ percentile, 869 kb; mean, 675 kb; 3 intervals exceed 5 MB). The locations of 94% of the 4,153 clones have been verified by FISH. The clones used in our analyses and details describing the coordinates are available from <http://www.fhcrc.org/labs/trask/arraycomparative> genomic hybridization. The clones are available from CHORI \[<http://bacpac.chori.org/>\].

To construct the array, bacterial artificial chromosome DNA was extracted from 1.5-ml cultures using a modified Qiagen R.E.A.L. Prep96 plasmid kit (QIAGEN). Purified bacterial artificial chromosome DNA was then amplified using ligation-mediated PCR ([@R23]) and cleaned using the Multiscreen-PCR filtration system (Millipore) on a Beckman Coulter Biomek FX automated liquid handling system (BeckmanCoulter, Fullerton, CA). Purified products were transferred to 384-well plates, air-dried, and then resuspended in 3xSSC. Each amplified/purified bacterial artificial chromosome was then mechanically spotted in triplicate onto poly-l-lysine-coated slides using a GeneMachines Omnigrid Arrayer (GeneMachines, San Carlos, CA).

Tumor and reference pooled normal DNA labeled with Cy5 and Cy3, respectively, were combined and briefly dried in a speedvac. The samples were then resuspended in hybridization mix (50% formamide, 10% dextran sulfate, 3xSSC, 1.5% SDS). Immediately following resuspension, samples were heated to 70°C for 10 min followed by 1-hr incubation at 37°C to allow blocking of repetitive sequences by human Cot-1 DNA. After incubation, the sample was applied to the microarray under a coverslip and hybridized at 37°C for 18 hrs. Following hybridization, the arrays were then washed in 50% formamide, 2xSSC, pH 7.0, for 20 minutes at 45°C followed by a 7-min wash at room temperature in 0.1M NaPO~4~, pH 8.0, 0.1% NP40. After the washes, the arrays were dried by centrifugation at 600 rpm for 5 min.

The higher density arrays were scanned using the GenePix 4000B scanner (Axon Instruments Inc, Union City, CA.), and the fluorescence data were processed using GenePix 3.0 image analysis software (Axon Instruments, Inc.). For each spot, log~2~ (ratio) = log~2~(Cy5/Cy3) was calculated, where Cy5 and Cy3 refer to the median foreground fluorescent signals of the tumor and reference DNA (respectively). The log~2~ ratios on each array were normalized and corrected for intensity-based location adjustment using a block-level loess algorithm ([@R24]).

Reference DNA {#S8}
-------------

Two control DNA pools were used for array comparative genomic hybridization analysis. The male control and female control pools each contained DNA from 15 cytogenetically normal individuals. For procedural quality control, all analyses were performed as sex-mismatch hybridizations. This allowed determinations of chromosome X and Y copy number as an internal reference standard.

Statistical Analysis {#S9}
--------------------

The low-density array data was analyzed in respect to overall extent of genomic abnormalities per sample as identified by the built-in GenoSensor software. The frequencies of genomic gains and losses in progressors, nonprogressors and non-ulcerative colitis controls were compared using descriptive statistics. The higher-density array data were analyzed in respect to an overall extent of genomic aberrations as well as to specific abnormalities differing between progressors and nonprogressors. Copy number alterations were independently verified using comparative genomic hybridization-Miner ([@R25]) with a 3 SNP moving window and false discovery rate set at 0.01. Copy number estimates were manually curated for events with an average log~2~ intensity ratio of \> 0.26 (gains) or \< -0.32 (losses). As a measure of the overall amount of copy number aberration over the entire genome, the following procedure was performed: An absolute value of the log~2~ copy number ratio for each locus was calculated (normal ratio is 1, normal log~2~ ratio is 0). The mean of the most extreme 5% of these absolute values was defined to be the "extreme deviation score" for each patient. The 5% value was chosen arbitrarily, analogous to common assumption that the most extreme 5% of a measurement on a population is most likely to be representative of biological abnormalities. In order to identify specific aberrations discriminating ulcerative colitis progressors from nonprogressors, we restricted our search to the subset of bacterial artificial chromosomes showing a significantly higher variance in response than the overall sample variance in response. This selection was independent of the progressor/nonprogressor status of the cases. One-sided chi-square test of equal variance and Bonferroni correction for multiple comparisons were used in this analysis. The Wilcoxon rank-sum test was then used to compare responses of progressors and nonprogressors for each of the identified candidate bacterial artificial chromosome clones.

Results {#S10}
=======

Low Density Arrays {#S11}
------------------

Using the low-density arrays, marked genomic alteration detected at 16 or more of the 287 loci on the array was identified in three of nine (33%) biopsies from ulcerative colitis progressors (mean: 18.3 altered loci; range: 17-19; SD: 1.2). Only rare genomic changes detected at \<5 loci were observed in the remaining six ulcerative colitis progressors (mean: 2.5 loci; range: 0-4; SD: 1.4), as well as all eight ulcerative colitis nonprogressors (mean: 1.3 loci; range: 0-3; SD: 1.1) and both non-ulcerative colitis controls (mean: 1.8; range 0-5; SD: 1.9). The absence of alterations in any of the ten controls, suggests good specificity. However, since two-thirds of the ulcerative colitis progressors went undetected, the low-density array provided only limited sensitivity. Larger arrays were then studied to assess whether this might improve sensitivity.

Higher Density Arrays {#S12}
---------------------

Visual inspection of the 4,153 effective element bacterial artificial chromosome arrays showed patterns suggestive of increased chromosomal gains and losses ([Figure 1C](#F1){ref-type="fig"}) and interstitial deletions ([Figure 1D](#F1){ref-type="fig"}) in ulcerative colitis progressors, as compared to normal colon controls ([Figure 1A](#F1){ref-type="fig"}) or ulcerative colitis nonprogressors ([Figure 1B](#F1){ref-type="fig"}). To create a quantitative measure of global copy number aberration throughout the entire genome, an absolute value of the log~2~ copy number ratio for each bacterial artificial chromosome target on the array was calculated. Using the mean of the most extreme 5% of these absolute values, an "extreme deviation score" was calculated for each patient. In addition, as another independent metric to the deviation score, standard deviations of the results across all measurements were also calculated for each patient. Both analyses demonstrated increasing genomic "noisiness" for the ulcerative colitis progressors compared to nonprogressors as demonstrated in [Figure 2 A and B](#F2){ref-type="fig"}, respectively. With the exception of two ulcerative colitis progressors (P1 and P2), who showed similar degrees of alteration as nonprogressors, the remaining seven progressors (78%) displayed consistently greater extreme deviation scores and standard deviations than any of the nonprogressors. Notably, three especially unstable progressors were identified using both approaches and are shown in the right upper end of the both curves (P7, P8 and P9). These three patients were also the only three detected as markedly unstable using the low-density arrays.

Furthermore, after obtaining a global "signature" of genomic aberrations for each patient, we assessed whether the presence of aberrations at particular chromosomal locations could discriminate among the two patient groups. We were interested in identifying chromosomal targets or combinations of targets for which all or most progressors have in common that are absent in the majority of nonprogressors. Individual target variance analysis confirmed the presence of a distinct pattern of genomic alteration in the ulcerative colitis progressors and showed an improved separation of these samples from nonprogressors. While the majority of aberrations detected genome-wide appeared random and did not discriminate between the patient groups, a smaller subset of changes showing the greatest variance were significantly more common in progressors. Using a one-sided chi-square test of equal variance with a Bonferroni-corrected significance level of α=0.05/4,153 a total of 40 candidate bacterial artificial chromosomal targets were identified as having unusually high variance and were selected as candidate discriminators of progressors versus nonprogressors. Wilcoxon rank-sum tests and t-tests comparing responses of progressors to those of nonprogressors were performed for each candidate target separately. Eleven of the targets exhibited both t-statistics and rank-sum statistics that were significant at the nominal 0.05 level of significance, and are given in [Table 2](#T2){ref-type="table"}. All eleven of these targets demonstrated genomic loss in the ulcerative colitis progressors.

To provide results that are corrected for multiple testing, a Bonferroni correction was applied to maintain an overall false positive error rate of 0.05 in declaring significant differences between progressors and nonprogressors at particular chromosomal sites. With this method, a significant difference is declared only if the p-value is less than 0.05/40 = 0.00125. This is the case for bacterial artificial chromosome targets 3905, 3906 and 3907 (RP11-7H17, RP11-196B3 and RP11-315M18), which all map to the distal end of the long arm of chromosome 18, (18q23), as shown in [Table 2](#T2){ref-type="table"}. This clustering, which was independent of selection process, provides further confirmation of the statistical significance of these results. The differences for bacterial artificial chromosome 944 (RP11-460I19, maps to 4p terminus) are of borderline significance by this criterion.

It should be noted that failure to show significance after correction for multiple testing for most of the eleven sites in [Table 2](#T2){ref-type="table"} does not rule out the possibility that these sites have biological significance; it only means we were unable to show significance after correction for multiple testing. This can result either from lack of biological significance or from lack of statistical power to identify differences with few patients and large numbers of possible predictors. The (normalized) log-ratios among all of the patients for the three 18q sites 3905, 3906 and 3907 are shown in [Figure 3](#F3){ref-type="fig"}. As can be seen, log~2~-ratios from these three sites separate the progressors from the nonprogressors except for one case (P3). Except for this one case, the remaining progressors all have negative values that are large when compared to the mean and standard deviation of responses across all sites (mean of -0.001, standard deviation of 0.11), suggesting chromosomal loss at the locations corresponding to these sites. In contrast, the distributions of the log~2~-ratios among the nonprogressors are centered on zero and are relatively small in magnitude, suggesting there is no relative chromosomal gain or loss. This suggests that progressors can generally be characterized by chromosomal loss on the distal tip of chromosome 18q.

Discussion {#S13}
==========

It is hypothesized that genomic alterations leading to ulcerative colitis neoplasia result from long-standing chronic inflammatory mucosal injury. However, only an estimated 10% minority of the ulcerative colitis population ever develops neoplasia. As such, improved markers to identify this at risk group are greatly needed. This study identifies promising molecular markers using array-based comparative genomic hybridization.

Discoveries in the last several years have advanced our understanding of the molecular biology of ulcerative colitis. Widespread genomic alterations have been demonstrated in ulcerative colitis progressors with neoplasia, but not nonprogressors, using assays of telomere shortening and anaphase bridge development ([@R2]), DNA-fingerprinting by arbitrarily primed PCR ([@R13]-[@R15]), preclonal chromosomal gains and losses by fluorescence in situ hybridization (FISH) ([@R1],[@R2],[@R28]), metaphase-comparative genomic hybridization ([@R26]-[@R28]), and estrogen receptor gene promoter hypermethylation ([@R29]).

To our knowledge, this is the first report of array comparative genomic hybridization in ulcerative colitis. Our goal was to interrogate the genome broadly to: 1) identify specific alterations or patterns of chromosomal alterations that distinguish ulcerative colitis progressors from nonprogressors, and 2) to better understand the early events that lead to neoplastic progression in ulcerative colitis by analyzing mucosa without dysplasia. Array technology permits high resolution genomic scanning for chromosomal losses and gains over many thousands of genomic targets. The much higher resolution afforded by array technology is a major advance over earlier comparative genomic hybridization technology using metaphase chromosomes ([@R26]-[@R28]). The higher density 4,298 feature BAC array used in this study has a mean intermarker spacing of 675 kilobase in comparison to the approximate five megabase resolution of metaphase chromosomes. Metaphase-comparative genomic hybridization also necessitates considerable cytogenetic expertise for the morphologic evaluation of hybridization signals along physical chromosomes rather than the automated signal detection of known chromosomal sites spotted onto systematic arrays. Regardless of the differences in these technologies, it is encouraging that a few differential chromosomal sites identified by earlier metaphase-comparative genomic hybridization were also observed in our array results, specifically chromosomal losses on 15, 5q, and 18q ([@R26]-[@R28]).

An initial low-resolution array (287 clones) provided proof of principle that a greater degree of clonal genomic alteration was in fact present in non-dysplastic mucosa from 33% the progressors (three of nine) in contrast to none of the eight nonprogressors or two normal controls. The low-density array data additionally provided preliminary data regarding locations of highest frequency genomic alterations. As anticipated, subsequent analysis of the identical DNA samples, using markedly higher-density arrays (4,153 clones), demonstrated this phenomenon on a much larger scale, distinguishing all nine progressors from all of the eight nonprogressors and two normal controls, when analyzed by a combination of statistical measures.

In addition, analysis of the higher-density arrays identified specific and unique genomic losses associated with neoplastic progression in dysplasia-free colonic samples from ulcerative colitis progressors. Of importance, the biopsy samples were obtained far distant from their respective tumors, highlighting the widespread nature of the genomic alterations within the colon. However, given the 4,153 clones analyzed, it is not unlikely that due to chance alone a few targets in the progressors will all have gains or losses below some threshold and nonprogressors above, or vice-versa, which could thus falsely discriminate perfectly among the groups. If the responses are not large in magnitude, then it is likely that the group differences are a result of experimental noise and not due to consistent chromosomal gains or losses. To eliminate these from consideration, we restricted our search for potential discriminating targets to the subset of targets having a significantly higher variance in response than the overall sample variance in response. This selection was independent of the progressor/nonprogressor status of the cases. The reasoning behind this selection criterion is as follows: for most genomic locations, most of the 19 cases do not have genomic abnormalities, and have array response intensity deviations that are relatively small in magnitude and centered around zero. In contrast, if many cases have abnormalities at a location corresponding to a given clone, then many of the 19 responses will be large in magnitude and the sample variance for that target will be large. By selecting for consideration only those bacterial artificial chromosomes with high variance, we are selecting targets for which there is evidence of genomic aberration across some of the 19 cases, although no consideration of group membership is taken into account, eliminating bias.

While a portion of the chromosomal gains and losses were seen in both progressors and nonprogressors, most of them were random and not consistent between biopsies. However, a smaller subset of changes with great variance was non-random, as shown by t-tests comparing their distribution among progressors and nonprogressors ([Table 2](#T2){ref-type="table"} lists the eleven most significant). Such non-random losses of several genomic regions were observed in progressors, with the most powerful discriminator being a chromosomal loss on RP11-196B3, which maps to the distal tip of the 18q arm (18q23). Two adjacent and overlapping targets at 18q were also highly discriminant. The 18q23 loss was detected in eight of nine (89%) progressors and was not seen in any of the eight nonprogressors or two normal controls. Other than several sequence tagged sites, there is only one known gene in this area, named "nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 1" (NFATC1), according to the NCBI clone registry. Of interest, this transcription factor initially identified as an important modulator of T-cell cytokine production ([@R30],[@R31]) has been found to have increasing roles outside the immune system. A recent study by Duque and colleagues documents its importance in COX-2 regulation in colorectal carcinoma cell lines ([@R31]). COX-2 upregulation is well-described in colorectal tumorigenesis, both sporadic and ulcerative colitis forms ([@R12]).

It is interesting that this 18q as well as other highly discriminant loci (5p15.33 and 10q26.3) by array comparative genomic hybridization are located in subtelomeric chromosomal regions. This finding further implicates a chromosomal bridge-fusion-breakage mechanism in relation to telomere shortening in ulcerative colitis neoplastic progression ([@R1],[@R2]) and in other cancers ([@R33],[@R34]). Subtelomeric regions may be inherently more prone to breakage after telomere attrition-mediated end-to-end fusions with breakage at anaphase.

It is also noteworthy that the highest variance non-random chromosomal alterations were all genomic losses ([Table 2](#T2){ref-type="table"}). This implicates loss of tumor suppressor genes as an important mechanism of the molecular pathogenesis of ulcerative colitis neoplasia.

These array comparative genomic hybridization data provide evidence that genomic changes associated with neoplastic progression in ulcerative colitis are sufficiently advanced to be clonal, which is intriguing since they are present in non-dysplastic single random biopsies from ulcerative colitis progressors. That they are clonal derives from the knowledge that the detection threshold for comparative genomic hybridization gains or losses requires the majority of cells to demonstrate a given alteration ([@R34]).

Three progressors failed to simultaneously demonstrate all three statistical measures of array comparative genomic hybridization alteration. Specifically, one of the tested ulcerative colitis progressors (P3) in our small series of nine patients did not exhibit the 18q alterations ([Figure 3](#F3){ref-type="fig"}), and an additional two ulcerative colitis progressors (P1 and P2) failed to demonstrate the random global alterations assessed by extreme 5th percentile deviation and standard deviation analyses ([Figures 2A and 2B](#F2){ref-type="fig"}). This could be related to the still limited resolution of \~ 1 MB afforded by even the higher density 4,298 bacterial artificial chromosome arrays utilized in this study. The improved sensitivity gained by the higher density array supports this hypothesis. Improved resolution afforded by SNP, oligo and tiling or submegabase-resolution tiling (SMRT) arrays may improve sensitivity even further.

These three patients' results may also relate to sampling error within the colon, namely that more than one biopsy may be necessary to identify progressors and nonprogressors. Future mapping studies of the distribution of CGH alterations throughout the colon of both progressors and nonprogressors will be important.

A final potential explanation for why three ulcerative colitis progressors were not detected by all three statistical measures in this study could be that these patients differed clinically. This was true for the two that lacked global genomic instability, namely P1 and P2 ([Table 1](#T1){ref-type="table"}). Progressor P2 had incident high-grade dysplasia that was detected during a prolonged 20 years of surveillance endoscopy, in comparison to the much more advanced prevalent adenocarcinomas in the majority of the remaining progressors. Further, progressor P1 was the only ulcerative colitis progressor without ulcerative pancolitis. Instead, progressor P1 had disease limited to the rectum rather than the pancolonic ulcerative colitis in the remaining progressors. Numerous studies document that ulcerative proctitis appears to be a different disease with limited to no increased cancer risk. Surveillance is, in fact, not recommended for the ulcerative proctitis variant of ulcerative colitis ([@R35]-[@R37]). The biopsy analyzed by comparative genomic hybridization for patient P1 derived from the unaffected sigmoid colon without changes of ulcerative colitis. It is possible that patient P1, who was also 74 years of age, actually developed a sporadic-type rectal cancer rather than an ulcerative colitis cancer. This remains speculation but this patient was certainly clinically distinct from the remaining ulcerative colitis progressors. Thus, it is possible that these clinical differences may explain at least part of the variant array comparative genomic hybridization results for these three ulcerative colitis progressors that were not detected by all three statistical measures.

The fact that far removed single biopsies lacking dysplasia in our small series of 17 ulcerative colitis cases were able to distinguish progressors and nonprogressors is remarkable. From a clinical perspective, this adds further credence to the concept that full colonoscopy with extensive biopsy sampling, currently the standard of care, could possibly be eliminated in the future. This follows from the finding that even single biopsies may harbor the genomic signature identifying ulcerative colitis progressors that could focus surveillance efforts onto the subset most likely to benefit. Natural history data on the development of genomic alterations during ulcerative colitis progression remain to be determined, as the current study only evaluated biopsies only at the time of synchronous high-grade dysplasia or carcinoma. Longitudinal and prospective validation studies are underway.

In summary, array comparative genomic hybridization is a powerful discovery technique for genomic markers of ulcerative colitis cancer risk to better identify the minority subset of patients in need of intensive colonoscopic surveillance. By sequentially utilizing low- and high-resolution arrays, we demonstrate that the power of this approach increases with the increasing array target density. Comparing the patterns of genomic alteration in ulcerative colitis progressors with nonprogressors, random and specific alterations identify progressors with 100% sensitivity and specificity in our small series of 17 ulcerative colitis patients. These results were achieved using only single non-dysplastic biopsies far distant from the patients' neoplasms. Of the changes identified, loss at the subtelomeric region of chromosome 18q appears to be the most powerful marker, along with several other subtelomeric losses, further implicating the telomere shortening mechanism with bridge-breakage-fusion cycles previously identified in ulcerative colitis neoplastic progression. These array data represent an important additional step toward understanding of molecular events in neoplastic development in ulcerative colitis, and further demonstrate the great promise of molecular markers on even single biopsy samples to advance ulcerative colitis cancer surveillance.
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![Higher density bacterial artificial chromosome array whole genome log~2~-ratios plotted across all chromosomes consecutively from 1 through 22 plus the X chromosome. A) normal control non-ulcerative colitis patient "C1"; B) ulcerative colitis nonprogressor patient "N1"; C) ulcerative colitis progressor patient "P8"; and D) ulcerative colitis progressor patient "P9". These four representative patient results illustrate prominent chromosomal gains and losses (C) or interstitial deletions (D) in ulcerative colitis progressors in contrast to the minimal changes in nonprogressor (B) and normal controls (A).](nihms-221003-f0001){#F1}

![Extreme deviation score (2A) and standard deviation (2B) plots representing the absolute value of the log~2~ copy number ratio for the case-to-reference ratio at each locus (normal ratio is 1, normal log~2~ ratio is 0). The mean of the most extreme 5% of these absolute values was defined as the "extreme deviation score" for each patient. The standard deviation examines standard deviation results across all measurements. Other than for progressors P1 and P2, the remaining 78% of progressors displayed greater genomic deviation relative to ulcerative colitis nonprogressor and normal non-ulcerative colitis control patients. P=ulcerative colitis progressor; N=ulcerative colitis nonprogressor; C=non-ulcerative colitis normal control patients.](nihms-221003-f0002){#F2}

![ulcerative colitis progressor and nonprogressor log~2~-ratios at the most informative bacterial artificial chromosomes 3905, 3906, and 3907.](nihms-221003-f0003){#F3}

###### 

Extent of Neoplastic Progression in 9 UC Progressors

  UC Progressor Patient   Most Advanced Neoplastic Diagnosis   Dukes' Colorectal Carcinoma Stage   Incident Neoplasia vs. Prevalent Neoplasia vs. Unknown Status   Extent of Colonic Disease   Age of UC Onset   UC Disease Duration   PSC
  ----------------------- ------------------------------------ ----------------------------------- --------------------------------------------------------------- --------------------------- ----------------- --------------------- -----
  P1                      Carcinoma                            Dukes' B                            Incident                                                        Rectum                      61 yr             13 yr                 No
  P2                      High-Grade Dysplasia                 \-                                  Incident                                                        Pancolitis                  7 yr              35 yr                 No
  P3                      Carcinoma                            Dukes' C                            Prevalent                                                       Pancolitis                  20 yr             13 yr                 No
  P4                      Carcinoma                            Dukes' B                            Unknown                                                         Pancolitis                  5 yr              35 yr                 No
  P5                      Carcinoma                            Dukes' A                            Prevalent                                                       Pancolitis                  27 yr             4 yr                  No
  P6                      High-Grade Dysplasia                 \-                                  Prevalent                                                       Pancolitis                  28 yr             29 yr                 Yes
  P7                      Carcinoma                            Dukes' B                            Incident                                                        Pancolitis                  ?                 Long Hx               No
  P8                      Carcinoma                            Dukes' A                            Incident                                                        Pancolitis                  12 yr             21 yr                 No
  P9                      Carcinoma                            Dukes' C                            Unknown                                                         Unknown                     38 yr             13 yr                 Yes

yr= year; Hx = history; ?=unknown; UC=ulcerative colitis; PSC=primary sclerosing cholangitis; incident neoplasia=diagnosed while under endoscopic biopsy surveillance; prevalent neoplasia= diagnosed at initial endoscopy

###### 

Chromosomal Sites with Nominally Significant Differences (All Losses) Comparing UC Progressors and Non-Progressors by Array-Comparative Genomic Hybridization (α=0.05 before correcting for multiple comparisons)

  BAC[\*](#TFN1){ref-type="table-fn"}   BAC[\*](#TFN1){ref-type="table-fn"} ID   Location   Std Dev   p-value (t-test)   p-value (rank sum)
  ------------------------------------- ---------------------------------------- ---------- --------- ------------------ --------------------
  944                                   RP11-460I19                              4p16       0.187     0.0015             0.001
  960                                   RP11-101J14                              4p16       0.203     0.0176             0.022
  1283                                  RP11-94J21                               5p15       0.206     0.0131             0.0133
  1490                                  RP11-2I16                                5q35       0.202     0.0158             0.035
  2594                                  RP11-35C24                               10q26      0.239     0.0168             0.0279
  3476                                  RP11-91J9                                15q24      0.19      0.0044             0.0101
  3796                                  RP11-84J3                                17q25      0.195     0.0074             0.0172
  3907                                  RP11-315M18                              18q23      0.235     1e-04              6e-04
  3905                                  RP11-7H17                                18q23      0.196     1e-04              3e-04
  3906                                  RP11-196B3                               18q23      0.238     6e-04              6e-04
  4299                                  RP11-54I20                               Xq28       0.229     0.0138             0.0279

BAC = bacterial artificial chromosome
